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Surface Model Based Modeling
and Simulation of Filling Process
in Gas-Assisted Injection Molding
Present gas-assisted injection molding simulations are all based on either a midplane
model or a 3D model, in which second modeling is unavoidable for a midplane model,
and a 3D simulation needs a full-scale three-dimensional discretization of parts leading
to unsustainable computing time and unstable numerical analysis. In this paper, surface
model based modeling and numerical simulation of gas-assisted injection molding are
proposed. By taking the influence of gas penetration on melt flow as boundary conditions
of the melt-filling region, a hybrid control-volume finite element/finite-difference method
(CV/FEM/FDM) similar to conventional injection molding simulation is employed. The
gas penetration interface within the gas channel is solved by applying the matching
asymptotic expansion method, which educes an analytical model of the gas penetration
thickness ratio. A technology of generating gas-channel mesh semiautomatically is put
forward, which combines selecting the path of gas channel manually and calculating the
parameters of gas nodes automatically. The second modeling is thus avoided. The pro-
posed model and simulation are verified by comparing with the experiment.
�DOI: 10.1115/1.3063653�

Keywords: surface model, GAIM, numerical simulation, matching asymptotic expansion
method
Introduction
Gas-assisted injection molding �GAIM� has become one of the
ost popular multicomponent injection molding processes in re-

ent years �1�. Once the mold cavity is partially filled with molten
olymers, gas is injected into the mold either at the nozzle or from
ithin the cavity. The gas cores out the center of the thicker sec-

ions of the molded part and pushes the molten polymer further
nto the mold until it is fully filled, thus yielding a product with a
olymer skin and a hollow core. The gas is then used to transmit
he packing pressure to compensate for polymer shrinkage and is
ented just prior to demolding �2,3�.

This process can substantially reduce operating expenses as
ell as improve product quality through reduction in residual

tress. Therefore, it has come into practice and has been spread
xtensively. Despite such advantages, the mold design and process
ontrol become more critical and difficult since additional process
arameters are involved, including the melt short shot size, gas
ressure, delay time of gas injection, and gas injection duration.
roduct, tool, and process designs for gas-assisted injection mold-

ng are quite complicated, and experiences with conventional in-
ection molding are no longer sufficient for this process. The com-
uter simulation for GAIM is, therefore, expected to be an
mportant and a required tool in part design and process evalua-
ion.

The injected gas typically penetrates along the path of least
ow resistance �4�. In order to lead the gas to the locations where
ink marks most likely occur, GAIM products are generally de-
igned containing gas channels. Among them, there are essentially
wo types: parts with solid thin walls reinforced with hollow ribs
nd those where the gas core forms a hollow interior extending
hroughout all or most of the part �5�. Four regions can be iden-
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tified during gas-assisted injection molding �as shown in Fig. 1�.
These four regions are confined by the melt and gas fronts. The
melt front in this process is identical to that in conventional injec-
tion molding. Pressure and temperature in the gas penetration re-
gion are considered uniform everywhere, and the influence of gas
penetration on melt flow is reflected on gas penetration interface
�1�.

During the past decades, many GAIM simulation softwares,
such as MOLDFLOW, MOLDEX3D, TIMON, etc., have been developed,
which are all based on either a midplane model or a 3D model.
Second modeling is inevitable for the midplane model and its
corresponding gas channel. With regard to the full 3D simulation,
it needs a full-scale three-dimensional discretization of thin parts,
which leads to unsustainable computing time and instability of
calculation. The GAIM simulation, therefore, is not applied
widely in practice.

A method of GAIM simulation based on the surface model is
introduced in this paper. The surface model, comprised of a cer-
tain amount of triangle elements generated by the Delaunary tri-
angulation method based on a stereolithography �STL� model, has
been applied widely in the computer aided engineering �CAE�
software, and the numerical solution of nonisothermal non-
Newtonian fluid based on a surface model has been well estab-
lished �6,7�. Additional problems of GAIM filling simulation
based on a surface model are gas-channel mesh generation and the
numerical solution of gas penetration interface.

As for the gas-channel mesh generation, there still lacks a rea-
sonable approach. Since the pressure of gas is identical in all
directions, the cross section of a gas channel is usually circular
�3�. Therefore, in this paper, the technology of generating a cylin-
drical gas-channel mesh semiautomatically was conducted by
combining selecting the path of gas channel manually and calcu-
lating the parameter of a gas node automatically using gradual
approximation method. The troublesome second modeling could
be avoided in this way.

As for the numerical solution of the gas penetration interface,
the mechanism is similar to that of the displacement of a more

viscous fluid in a tube by a less viscous fluid. The residual wall
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hickness is determined by the capillary number Ca=�U /�, where
is the velocity, � is the viscosity of fluid, and � is the gas–liquid

nterfacial tension �5�. Many theoretical and experimental studies
ave been carried out on the physics process. Yang and co-
orkers �8,9� studied the effect of the gas-channel dimension on
as penetration. Huzyak and Koellin �10� investigated isothermal
as penetration of Newtonian melts in circular tubes by experi-
ents. Polynkin et al. �11� experimented on gas penetration in

ubes thoroughly. Ilinca �12� tracked the gas front and melt front
sing the pseudoconcentration method. Bretherton �13� conducted
n analytical approximation of the governing equations for small
apillary numbers, using matched asymptotic expansion method.
einelt and Saffman �14� and Kolb and Cerro �15� obtained nu-
erical solutions in close agreement with the data for Newtonian
elts. Zhou �1� extended Bretherton’s solution to higher capillary

umbers using the correctional equation. Belblidia et al. �16� in-
estigated dimensionless correlations for predicting the layer
hickness formed when gas displaces liquid in a 2D straight cy-
indrical tube. The study results are helpful in improving existing
omputer simulations by simplifying the geometry of molded
arts and by representing the channels cored out by the gas as
quivalent cylindrical tubes. Shen �17� also studied gas penetra-
ion phenomenon with 2D gas channel. Chen et al. �18� converted
as channel into equivalent circular pipe and further simplified it
nto two-node elements using line source methods, which only
ffects the calculation accuracy very slightly and reduces the com-
uter time by 93%.

A practical method for simulating the filling process of the gas-
ssisted injection molding with circular channels was developed
erein. In Sec. 2, gas penetration thickness was derived by solving
he theoretical equations governing the behavior of the gas pen-
tration by employing the matching asymptotic expansion
ethod. In Sec. 3, a technology for generating gas-channel mesh

emiautomatically was conducted, which avoided the troublesome
econd modeling. Based on the derived equations and the gas-
hannel mesh, numerical solution was implemented. Finally, the
redicted result was compared with experimental observation for
erification.

Modeling and Formulation

2.1 Model of Gas and Melt Flow. The most important char-
cteristic of GAIM is that the pressure gradient in the gas core
egion is negligibly small compared with that in an equivalent
olymer melt region, which is due to high viscosity ratio of poly-
er to gas. Consequently, the pressure may be assumed constant

hrough the gas core. In addition, the gas penetration velocity is
igher than the velocity of the melt front, so the thermal conduc-
ivity can be neglected with respect to the melt. Therefore, the
overning equations of the gas region are

P = P�t�, T = T�t� �1�
Like conventional injection molding, melt flow of GAIM is

ssumed to obey the governing transport equations for incom-

ig. 1 Schematic notation for flow regions and their interface
n gas-assisted injection molding: „1… the solid frozen layer, „2…
he penetration gas, „3… the deforming viscous melt, „4… the un-
lled cavity, „I… the gas front, and „II… the melt front
ressible generalized Hele–Shaw flow of inelastic, non-
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Newtonian fluids under nonisothermal conditions. Taking the rea-
sonable simplifications, the governing equations are described as
�6� follows:

�

�z
��

�u

�z
� −

�P

�x
= 0 �2a�

�

�z
��

�v
�z
� −

�P

�y
= 0 �2b�

�

�x
�bū� +

�

�y
�bv̄� = 0 �2c�

�Cp� �T

�t
+ u

�T

�x
+ v

�T

�y
� = k

�2T

�z2 + ��� �u

�z
�2

+ � �v
�z
�2� �2d�

where x and y are planar coordinates in the stream plane and z is
the gapwise coordinate with b denoting the half-gap thickness,
whereas u and v are velocity components in the x and y directions
and ū and v̄ are the averaged velocities in the whole-gap thickness
in the x and y directions. In addition, P, T, and t are the pressure,
temperature, and time, while �, �, CP, and k are the viscosity,
density, specific heat, and thermal conductivity of the melt, re-
spectively.

2.2 Model and Solution of Gas Penetration

2.2.1 Governing Equations and Boundary Conditions. As
shown in Fig. 2, U is the gas penetration velocity, � is the pen-
etration thickness ratio, i.e., the ratio of the gas penetration thick-
ness to that of the mold cavity. All parameters keep unchanged
along � direction �16�.

�P

��
=

�u

��
=

�v
��

=
�w

��
= 0 �3�

The governing equation can be given as

�u

�r
+

u

r
+

�w

�z
= 0 �4a�

�P

�r
= �� �2u

�r2 +
1

r

�u

�r
+

�2u

�z2 −
u

r2� �4b�

�P

�z
= �� �2w

�r2 +
1

r

�w

�r
+

�2w

�z2 � �4c�

At the interface of the gas and melt, it is assumed that the gas
and melt are separated completely, as given by

�V̂m − V̂g� · n� = 0 �5�

where V̂m and V̂g represent the velocity of the melt and gas at the
�

Fig. 2 Schematic notation for gas penetration in circular gas
channel: „a… radial penetration and „b… axial penetration
interface, respectively, and n is the unit vector normal to the in-
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erface. In the present coordinate system, n� = �nr ,n� ,nz�, in view of

�=0, which leads to the continuity Eq. �8a�.
By considering the stress balance at the interface, the tangential

tress boundary condition is given by

�zznztz + �rznrtz + �zrnztr + �rrnrtr = 0 �6�

he difference in the normal stress on the two sides of the inter-
ace is balanced by surface tension and is expressed as

�zznz
2 + 2�rznrtz + �rrnr

2 = − P0 + �� 1

R1
+

1

R2
� �7�

here �ij is the total stress tensor of the melt, and t�= �tr , t� , tz� is
he unit vector tangent to the interface, while P0, T, R1, R2 repre-
ent the gas pressure, melt surface tension coefficient, the princi-
al radius of curvature of the interface, and the radius of gas
enetration region, respectively.

Substituting the stress tensor represented by the melt constitu-
ive equation into the above two equations gives Eqs. �8b� and
8c�. The boundary conditions at the gas penetration interface are
ritten as

�u − U�nr + wnz = 0 �8a�

�u

�r
trnr +

1

2
� �u

�z
+

�w

�r
��trnz + tznr� +

�w

�z
tznz = 0 �8b�

P − 2�� �u

�r
nr

2 + � �u

�z
+

�w

�r
�nrnz +

�w

�z
nz

2� = P0 − �� 1

R1
+

1

R2
�
�8c�

2.2.2 Outer Solution. An outer coordinate system for the gas-
elt interface is set up as shown in Fig. 3�a�. The governing

quations and boundary conditions are transformed to be dimen-
ionless.

r̂ =
r − R

b
, ẑ =

z

b
, ĥ =

h

b
, û =

u − U

U
, ŵ =

w

U
, P̂ =

P − P0

b/T
�9�

here R is the radius of gas core.
Based on the dimensionless variables, the governing equations

nd the boundary conditions could be transformed as

�u

�r
+

�

1 + �r
�u + 1� +

�w

�z
= 0 �10a�

�P
= Ca� �2u

2 +
� �u

+
�2u

2 −
�2

2 �u + 1�� �10b�

ig. 3 Illustration for „a… the outer coordinate system and „b…
he inner coordinate system
�r �r 1 + �r �r �z �1 + �r�
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�P

�z
= Ca� �2w

�r2 +
�

1 + �r

�w

�r
+

�2w

�z2 � �10c�

dh

dr
u − w = 0 �11a�

�1 − �dh

dr
�2�� �u

�z
+

�w

�r
� − 2

dh

dr
�−

�u

�r
+

�w

�z
� = 0 �11b�

P − 2Ca	�
dh

dr
�2�u

�r
−

dh

dr
� �u

�z
+

�w

�r
� +

�w

�z

1 + �dh

dr
�2 


=

d2h

dr2

�1 + �dh

dr
�2�3/2 +

�
dh

dr

�1 + �r��1 + �dh

dr
�2�1/2 �11c�

For convenience, the superscript � ˆ� of the variables is removed.
Supposing the gas penetration interface is z=h�r�, the following

equation can be obtained

dz

dr
=

dh

dr
=

tz

tr
= −

nr

nz
�12�

Combining with boundary conditions, it follows that

P = − Ca�2
�u

�r
+

dh

dr
� �u

�z
+

�w

�r
�� +

d2h

dr2�1 + �dh

dr
�2�−3/2

�13�
By adopting Ca as perturbation parameter, examining the gov-

erning equations and boundary conditions when Ca→0 with the
perturbation theory, the approximation function of the h in the
outer coordinate system can be obtained as

− 1 =

d2h0

dr2

�1 + �dh0

dr
�2�3/2 �14�

Integrating the above equation by subjecting to the conditions

dh0

dr
= 0 at r = − 1 and h0 = 0 at r = 0

The outer solution is expressed as

h0 = �1 − �r + 1�2�1/2 �15�

2.2.3 Inner Solution. The point of intersection between the
mold wall and the gas perturbation interface determined by the
outer solution is the inconsistent region of the outer solution. This
point is selected as the origin to set up the inner coordinate sys-
tem. In this inner coordinate system, the variables are magnified �
with �=Cam. To ensure that the magnified equations are in bal-
ance and is as simple as possible, m is preferred to be 2/3 �1� and

d̄ =
1 − �

Ca2/3 , r̄ =
r + 1

Ca2/3 , z̄ =
z − 1

Ca2/3 , h̄ =
h − 1

Ca2/3 , ū = u ,

�16�

w̄ =
w

Ca1/3 , P̄ = P

Substituting the above equations into Eqs. �4� and �8�, the re-
sulting governing equations and boundary conditions in the inner

coordinate system become
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� ū

� r̄
+

�w̄

� z̄
= 0 �17a�

� P̄

� r̄
= �

�2ū

� r̄2 +
�2ū

� z̄2 �17b�

� P̄

� z̄
= �2�2w̄

� r̄2 + �
�2w̄

� z̄2 �17c�

w̄ =
dh̄

dr̄
ū �18a�

� � ū

� z̄
+ �

�w̄

� r̄
��1 − ��dh̄

dr̄
�2� − 4�

� ū

� r̄

dh̄

dr̄
= 0 �18b�

P̄ = − 2�
� ū

� r̄
− ��

� ū

� z̄
+ �2�w̄

� r̄
�dh̄

dr̄
+

d2h̄

dr̄2�1 + ��dh̄

dr̄
�2�−�3/2�

�18c�

Examining Eqs. �17� and �18� when �→0 with the perturbation

heory, the approximation function of h̄ in the inner coordinate
ystem can be obtained as

�3h̄

� r̄3 = −
3�h̄ + d̄�

h̄3
�19�

Employing fourth-order Runge–Kutta method to solve Eq. �19�,
he inner solution is as follows.

h̄0�x̄� �
A2 � 32/3�r̄ + r̄0�2

d̄
+ A1 � 31/3�r̄ + r̄0� + A0 � d̄ + O�1

x̄
�

�20�

here A2=−0.3215, A1=−0.096, and A0=−2.9.

2.2.4 Matching. According to the matching asymptotic expan-
ion theory, the inner solution at r̄→	 matches the outer solution
t r→1. This match is satisfied in any coordinate system, and
erein the outer coordinate system is selected. Inverse transforma-
ion to the inner solution according to Eq. �16� results in

h0�r� � 1 +
A2 � 32/3�r + 1�2

d̄
+ ¯ �21�

nd when r̂→1, the outer solution is

h0�r� � 1 − �r + 1�2 + ¯ �22�

As �r+1�n series are linear independent of each other, the co-
fficients of �r+1�n of the two solutions should be equivalent.

herefore, d̄ could be obtained as

d̄ = − 2A2 � 32/3 = 1.3375 �23�
Consequently, the gas penetration thickness ratio in the steady

enetration region is calculated by

� = 1 − �d̄ = 1 − 1.3375Ca2/3 �24�

2.2.5 Correction. Equation �24� is the calculating model for
educing gas penetration thickness ratio. This calculation will lead
o serious deviation when Ca becomes larger. A correction is
eeded to make the model applicable to a large range of Ca.

The correction function of gas penetration in the outer coordi-
ate system is expressed by


r
h�r� � � − De �25�
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where D and 
 are constants needed to be obtained.
According to the no-slip condition at the mold wall, the veloc-

ity and pressure can be defined by

u�r,z� � − 1 + e
r�1�z� + ��e2
r� �26a�

w�r,z� � e
r�2�z� + ��e2
r� �26b�

P�r,z� � Cae
r�3�z� + ��e2
r� �26c�

where �1, �2, and �3 are functions to be solved.
By applying Eqs. �25� and �26� to the governing and boundary

condition equations and by expressing �2 by a trigonometric func-
tion serious expansion, the simultaneous equations with respect to
all educible constants can be obtained, and these constants will be
calculated by solving these equations.

During the penetration process, at each increment time step, the
gas penetration thickness ratio is calculated by Eq. �24�, and then
corrected by Eq. �25�. Because the governing and boundary con-
dition equations at each penetration position have been taken into
account in the correction, it will lead closer to approximation in a
large range of Ca.

3 Implementation

3.1 Gas-Channel Mesh Generation. After generating trian-
gular elements on the surface model based on the Delaunary tri-
angulation method, an approach of generating the gas-channel
mesh semiautomatically was put forward by combing the manual
selection of the gas-channel path and the automatic calculation of
the channel nodal parameters.

The path of the gas channel was selected manually. For the sake
of conduit for gas penetration, GAIM products are generally de-
signed with some thicker structures, such as ribs and bosses, to be
gas channels. The region of the gas channel in the GAIM product
could be determined. On the basis of the surface mold, which
consists of a certain amount of triangle elements, identifying the
gas channel and obtaining some lines by open manual operation
were feasible. These lines were named surface boundary in the
following. Once the direction of surface boundary was identical or
approximately identical to that of the path of the gas channel,
surface boundary could be selected as the path of the gas channel,
as shown in Fig. 4.

Since selecting the path of the gas channel manually was
equivalent to finding the thicker parts in the GAIM products, and
the gas penetrated toward the thickest positions of thicker parts, it
was necessary to calculate the parameter of the gas-channel node
automatically. Due to the surface tension of viscid liquid, the cross
section of the gas core after gas penetration is usually inclined to
circularity. The center of maximum inscribed circle of cross sec-
tion of the gas core was considered as the thickest position as well
as the location where gas penetrated with the highest probability.
In order to define the geometry model of gas-channel mesh, it was
assumed that the gas mesh comprises an array of gas-channel
nodes with topologic relationship among them. Two adjacent gas-
channel nodes constituted a gas-channel element as shown in Fig.

Fig. 4 Involved concepts for gas-channel mesh: „1… gas chan-
nel, „2… surface boundary, „3… path of gas channel, and „4… cen-
ter line of gas channel
5. According to the above expatiate, the coordinates of a gas-
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hannel node was equal to that of the center of maximum in-
cribed circle of the cross section of the gas core, and the radius of
gas-channel node was also calculated as the equivalent radius of

he cross section of the gas core, which is Req=�A /
, where Req
s the equivalent radius and A is the area of cross section of the
as channel. After constructing the topologic relationship of the
as-channel nodes, the gas-channel mesh was generated.

The procedure of the gas-channel mesh generation was summa-
ized as follows.

�a� Step 1. Import GAIM product and use the Delaunary tri-
angulation method to generate surface model.

�b� Step 2. Identify the gas-channel region of GAIM product
artificially.

�c� Step 3. Generate surface boundary based on the surface
model by open operation and selecting surface boundary
to ascertain the path of gas channel manually.

�d� Step 4. Calculate the location and the radius of the gas
nodes based on the path of the gas channel.

�e� Step 5. Build the topology of gas mesh.

3.2 Numerical Solution. Based on the previously described
q. �2� and introducing appropriate boundary conditions, we
ould infer the following melt-filling pressure equation:

� · �S � P� = 0 �27�

here S was calculated by

S =

0

b �b − z�2

�
dz �28�

here b, z, and � represent half-gapwise thickness, gapwise di-
ection, and melt viscosity, respectively. Applying the Galerkin
ethod, the pressure finite element was deduced as

�
l

S�l��
j=1

3

Dij
�l�PN� = 0 �29�

here l traversed all elements, which included nodes N, i, and j as
he local number in element l corresponding to the node numbers

and N� in whole, respectively. The Dij
�l� was defined as

Dij
�l� =


A�l�
��Li

�l��x,y� · �Lj
�l��x,y��dA �30�

here A�l� represented a triangular finite element and Li
�l� was the

ressure trial function in the finite element.
GAIM filling process includes melt flow and gas penetration.

or melt flow, a hybrid CV/FEM/FDM was employed in the gas-
ssisted injection molding filling simulation, and a standard finite-
ifference technique was used to discretize the timewise and gap-
ise �thickness� coordinates. First, the boundary conditions were

nitialized, and the pressure filed was initialized according to the
njection process settings followed by calculating the melt viscos-
ty and pressure system matrix. By solving the pressural finite
lement �Eq. �29��, pressure distribution could be obtained. In
erms of the pressure distribution, the flux of each node was cal-
ulated; in the meantime, the melt flow front advancement was
ealized. Then the energy equation was applied to all elements and

Fig. 5 Schematic notation for gas-channel mesh
odes, and the nodal temperature at each layer in the gapwise

ournal of Manufacturing Science and Engineering
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direction was calculated. The above process was repeated until the
volume of melt arrived at the shot size as shown in Fig. 6.

At the gas injection stage, the governing equations of melt flow
could be solved by the methods mentioned above. With respect to
the gas penetration process, the key points were calculating the
gas penetration radius and the gas front advancement. In terms of
the geometry relationship between gas-channel nodes and surface
nodes and the filling order of surface nodes, the topology relation-
ship between gas-channel nodes and surface nodes was built. Ac-
cording to Eq. �24�, the gas penetration thickness was only the
function of the capillary number Ca, where � and U were the
viscosity and velocity of melt at the gas/melt interface, respec-
tively, whereas � was the melt surface tension coefficient. With
the Cross viscosity model, � was obtained according to the distri-
bution of pressure, temperature, and shear rate of melt at the gas/
melt interface; U was calculated according to the momentum for-
mulation and pressure gradient at the gas penetration front; and �
could be acquired by literatures for different materials. Therefore,
the gas penetration ratio at the gas/melt interface could be
calculated.

For the gas penetration front advancement, the control-volume
method was employed. Gas-channel elements were subdivided
into halves. The control volume associated with a node was de-
fined as the union of all subdivided volumes that were concerned
to that node as shown in Fig. 7. During the gas penetration pro-
cess, the gas-channel mesh was divided into five regions: control
volume not filled by melt and injected gas, fmelt=0, fgas=0; con-
trol volume already filled by melt but not with completeness and

Fig. 6 Flow chart for numerical implement of GAIM
Fig. 7 Schematic notation for control volume of gas node
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ot filled by gas, i.e., melt front, 1� fmelt�0, fgas=0; control
olume filled by melt completely but not filled by gas, fmelt=1,

fgas=0; control volume already penetrated by gas but not with
ompleteness, which is the gas penetration front, 1� fmelt�0, 1

fgas�0; and control volume penetrated by gas completely,
fmelt=0, fgas=1 �as shown in Fig. 8�.

In terms of the pressure distribution, the melt flux rate flowing
nto control volume at the melt flow front and the gas flux rate
enetrating into control volume of gas penetration front were ob-

Fig. 9 The geometry of

Fig. 10 The simulation by HSCAE: „a… the surfa

ig. 8 Schematic notation for filling status in gas-channel
esh
the penetration thickness
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tained. If the time increment was set as the time, which com-
pletely filled the control volume of only one node at the melt flow
front or at the gas penetration front, the computation time should
be very long. In order to shorten the computation time, the filling
time of control volume of only one node at the gas penetration
front was set as the time increment, considering that the number
of gas-channel nodes was much smaller than that of nodes of
surface model. After the melt flow front and the gas penetration
front were updated, the filling status of each gas-channel node
could be obtained.

4 Verification
HSCAE �Huasu CAE�, developed by the authors based on the

model presented, is a simulation system for injection molding
similar to MOLDFLOW MPI. Figure 9 displays the geometry of the
experimental part whose size is 225.9�74.9�37.1 mm3. The
beams in Fig. 10�a� and the little bars signed with “A” in Fig.
11�a� are the runner systems, and the little bars signed with “A” in
Fig. 10�a� and Fig. 11�a� denote the gas pin location. The posi-

experimental test part

model composed of triangle element and „b…
ce
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ions signed with 1, 2, 3, 4, 5, and 6 are the gas penetration
hickness measured positions. The selected material is PA6,
amely, Ultramid B3EG6. The major processing conditions are a
hot size of 71.1%, a delay time of 4.0 s, a mold surface tempera-
ure of 60.0 °C, a melt temperature of 280.0 °C, and a pressure-
ontrol gas injection with initial pressure of 4.0 MPa and degres-
ive speed of 0.2 MPa/s. Figures 10 and 11 show the mesh and gas
enetration thickness simulated by HSCAE and MOLDFLOW, respec-

Fig. 13 The simulated penetration thickness

ig. 11 The simulation by MOLDFLOW: „a… the tetrahedral finite
lement and „b… the penetration thickness
„b… MOLDFLOW

ournal of Manufacturing Science and Engineering
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tively, in corresponding conditions. The regions signed with “B”
in Fig. 10�b� and in Fig. 11�b� denote the gas core. The number of
part elements in HSCAE is 47,268 and 14,6473 in MOLDFLOW. Al-
though the number in HSCAE is much less than that in MOLDFLOW,

Fig. 12 The comparison between experimental result and the
corresponding results of simulation by MOLDFLOW and HSCAE

er new processing settings by „a… HSCAE and
und
FEBRUARY 2009, Vol. 131 / 011008-7
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he mesh in HSCAE is much refined since 3D mesh is used in
OLDFLOW. The employed configuration in simulation is 2.4Gbyte
PU and 1Gbyte RAM. The processing time is 21 mins in HSCAE

nd 96 mins in MOLDFLOW. It is obvious that the processing time
n HSCAE is much shorter. After demolding, the molded part is
issected and photographed and the skin melt thickness is mea-
ured �skin melt thickness ratio �=1−��, with a maximum varia-
ion of 0.1 mm. The predicted results by HSCAE and MOLDFLOW as
ell as experiment in the penetration thickness measured points

re plotted in Fig. 12 for comparison. It can be seen that the
redicted results based on the proposed model agree well with the
esults simulated by MOLDFLOW, with the maximum relative de-
iation being 6.5%.

Another numerical experiment using different process settings
or the same part is presented as follows. The shot size of melt is
educed from 71.1% to 60.0% and the other processing conditions
re the same as those of the previous one. As we all know, the
eduction in the shot size of melt leads to the occurrence of the
as blow out. The simulation results of HSCAE and MOLDFLOW are
oth shown in Fig. 13. As shown in Fig. 13�a�, HSCAE predicts the
ccurrence of blow out of gas accurately, the gray hemisphere at
he right hand of the gas core denotes the location of a gas blow
ut. On the other hand, the gas is injected into the melt just from
ne gas pin in the added simulation, therefore the gas core region
ust be interconnected, no matter if the blow out of gas takes

lace. But in the result of MOLDFLOW, as shown in Fig. 13�b�, the
henomenon of the gas blow out cannot be found and the simu-
ated gas core region is not interconnected at all. This means that
hen the gas blow out takes place, MOLDFLOW gives an obviously
nreasonable result. This added simulation demonstrates that the
roposed method can work on a wider range than MOLDFLOW.

Conclusions
A GAIM filling process model, based on the surface model and

he theory model of gas-assisted displacement of viscous fluid,
as presented, and the technology of generating the gas-channel
esh semiautomatically is proposed. Due to the surface model

dopted, efficiency and stability of calculation were assured com-
ared with the 3D mesh. Furthermore, the problems of the second
odeling of the midplane model and gas channel are avoided;

ence the defects of the current packages as described in Sec. 2
ave been solved. The comparison with the experiment and MOLD-

LOW shows that the presented model and simulation is reliable.
ut it should be noted that the presented model has three limita-

ions. First, it has an assumption: gas core is a circular section or
lmost circular section. This model would be not so effective
hen the section of the gas core is far from a circle. Second, the

ssumption of axisymmetry may be not valid when the gas
hanges its penetration direction dramatically, due to the fact that
he gas always chooses the easiest path to flow and the path fol-
11008-8 / Vol. 131, FEBRUARY 2009
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lowing the inner radius has the shortest length. Third, it does not
take the gas secondary penetration into account. These limitations
should be addressed in later study.
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